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Background
Alternative splicing is a widespread phenomenon in eukaryotic species, and differential regulation of alternative splice variants is gaining recognition as an important mechanism of gene regulation. More than 90% of human genes are estimated to be alternatively spliced 1, 2 , producing multiple transcripts and (often) different protein sequences from a single locus. The number of variants of a gene ranges from two to potentially thousands 3 . The resulting proteins may exhibit different and sometimes antagonistic functional and structural properties 4 , and may inhabit the same cell with the resulting phenotype representing a balance between their expression levels 5 . Defects in splicing have been implicated in human diseases, including cancer [6] [7] [8] [9] . Developing a comprehensive catalog of splice variant annotations across a wide range of tissues and conditions is important not only as part of our efforts to create a complete gene list for the human genome, but also to serve as a reference for differential expression studies aiming to identify molecular markers of disease.
Annotation of alternative splicing has traditionally been based on cDNA (expressed sequence tags (EST), mRNA) sequence data from public repositories such as dbEST, RefSeq 10 , and the Mammalian Gene Collection
11
. These data sources were compiled over many years, from independent contributions by thousands of investigators working on different genes and systems, and are therefore inconsistent in their coverage of the transcriptome in general and of each gene individually. Because these resources were generated using Sanger sequencing, they were relatively expensive to produce, but despite the cost have insufficient depth to capture the diversity of splicing variations in human cells. RNA-seq technology produces vastly more sequence data in a cost-effective way and in a much shorter amount of time, allowing a deep characterization of the transcriptome in a variety of cells and conditions 2, 12, 13 , but so far little has been done to systematically assess its potential 14 . Starting from one of the most complete sets of RNA-seq data available, the Illumina Human Body Map, we addressed the questions: "how much alternative splicing do we find?" and "how does alternative splicing vary among tissues?" We used this data set, spanning 16 tissues and containing over 2.5 billion sequences, to build a comprehensive catalog of alternative splicing (AS) within each tissue. We also compared AS profiles across tissue types to derive insights into the role of AS in shaping transcriptome differences.
Results
We analyzed the Illumina Human Body Map RNA-seq set (ArrayExpress accession: E-MTAB-513; http://www.ebi.ac.uk/arrayexpress), consisting of approximately 160 million reads from each of 16 tissues, each from a different individual. This resource is one of the most high-quality and complete to date, and therefore allows us to detect AS events with high accuracy. To determine splicing variations in each tissue, we first mapped reads to the reference genome and assembled them into transcripts or transcript fragments. We then analyzed the transcripts to determine putative alternative splicing events, in particular exon skipping events, within and between samples, and compared them across the tissues. We focused on exon skipping because the alignment evidence for these events is usually clear and unambiguous, and less likely to be confounded by alignment or assembly artifacts. The data support a number of overall findings:
1. Based on a comparison against several annotation databases (Ensembl 15 , CCDS 16 , UCSC Genes 17 and H-ASDB 18 ), we found that 11-45% of the assembled transcripts in each tissue were unannotated, as well as a majority (65%) of the 26,989 exon skipping events discovered from this data set. 2. These novel events appear to be more tissue-specific than previously annotated (known) events; i.e., they tend to occur in fewer tissue types. 3. When an exon is skipped, it usually occurs in a different tissue from those in which it is present; only 5-23% of events express both forms within the same tissue. 4. Comparing exon skipping profiles across tissues, we found that only 10-20% of the events identified show different splicing ratios between any two given tissues, whereas 50-65% of the cataloged events are not present in either or both tissues.
Overall, our analysis reveals a complex and dynamic picture of alternative splicing across tissue types, where differences among tissue transcriptomes arise from the interplay between constitutive transcription and alternative splicing. Most importantly, we compiled the first large repository of putative exon skipping and other classes of alternative splicing events in normal human tissues detected from RNA-seq data, which will be a valuable resource for studies of regulation and to identify markers of diseases. This catalog and our methods, implemented in the open source software program ASprofile, are freely available under the GNU GPL license from the Zenodo repository (http://zenodo.org/record/7068; doi:10.5281/zenodo.7068) and from our web site http://ccb.jhu.edu/software/ASprofile.
A global view of alternative splicing in the 16 tissues To determine alternative splicing events and globally characterize alternative splicing within a given tissue, we analyzed 50-bp paired-end sequences from 16 different tissues: adrenal, adipose, brain, breast, colon, heart, kidney, liver, lung, lymph, ovary, prostate, skeletal muscle, testes, thyroid and white blood cells. These data are publicly available as the Illumina Human Body Map project (EMBL accession ENA-ERP000546; ArrayExpress accession: E-MTAB-513; http://www.ebi.ac.uk/arrayexpress/browse. html?keywords=E-MTAB-513&expandefo=on). Libraries were made from polyA-selected mRNA with an insert size of 210 bp, independently for each tissue, using a random priming process and unstranded. One run of 2x50 bp paired-end sequencing was performed on the Illumina HiSeq2000 instrument, using one lane per tissue, to produce approximately 80 million pairs of reads (160 million sequences) per tissue. The entire data set comprises ~128 gigabases (GB) of sequence (~8 GB sequence per tissue), making this one of the most complete RNA-seq resources to date and one of very few spanning multiple types of tissues.
Changes from Version 1
We wish to thank both referees and the Editors for their careful review of our manuscript and for their very helpful and interesting suggestions. We addressed the questions in the comments sections and we modified the manuscript, in particular by including a new table in the supplement (Table S2) showing results on simulated data with different assemblers, and by adding more details on read mapping and to the specific events illustrated in the figures.
See referee reports

REVISED
We mapped reads to the human genome with the program TopHat
19
(Supplemental Table S1 ), and then assembled overlapping reads on the genome into transcript fragments using Cufflinks
20
, which showed the best accuracy in testing (Supplemental Table S2 ). Cufflinks represents all reads at a locus as an assembly graph, in which any two reads are connected if they overlap and have compatible splice patterns, and then traverses the graph to produce the minimum number of transcripts that can explain all of the input reads. Because singleexon transcripts, which form the bulk of the assemblies (Figure 1  and Supplemental Table S3 ), are frequently artifacts of sequencing and mapping, we used only the multi-exon transcripts to measure the gene and transcript content.
Although the assemblies produced by Cufflinks can be full-length transcripts, many transcripts can only be assembled into partial fragments (e.g., when the coverage of a transcript contains gaps). We therefore designate all transcript assemblies, complete or otherwise, as transfrags. For each tissue, Cufflinks produced between 23,000-46,000 multi-exon transfrags, clustered into 20,000-30,000 loci. The number of transfrags was greatest in brain and testes, and lowest in liver, colon, white blood cells and skeletal muscle, reflecting the combined effects of the number of expressed genes (Pearson's r 2 =0.74) and splicing variation within genes. These findings are consistent with some of the earlier estimates of the sizes of transcriptomes of different tissues 1, [21] [22] [23] [24] [25] . To estimate the number of novel splice forms, we compared the assemblies to a known annotation database, Ensembl 15 , using the program Cuffcompare from the Cufflinks package. This gave us between 35,000-52,000 transfrags per tissue that were associated with 13,000-17,000 Ensembl genes, of which a large fraction (between 5,000-20,000 per tissue, representing 11-45% of the total) appeared to be novel splice forms (Figure 1 , Supplemental Figure S4 and Supplemental Table S4 ). Tissues with large numbers of new splice forms also had a larger fraction of candidate new splice forms.
Even with the best data and software, computational reconstruction of long transcripts from short reads is prone to assembly errors. We therefore focused on classes of alternative splicing events that are most likely to be assembled correctly. Exon skipping events are the most prevalent type of alternative splicing events in the human genome 26 , and are particularly easy to identify from transcript data and less likely to be mis-assembled. They have been extensively studied and are well represented in the databases. For these reasons, exon skipping events provide an excellent proxy for the number of other types of splicing variants in a sample.
We define an exon skipping 'event' as a pairing between an exoncontaining form ('on') and an exon-excluding form ('off'), occurring at the same exon and with the same flanking introns. The same exon (or intron) may be involved in multiple exon skipping events, though the number of such cases is small. To generate a catalog of events for the sixteen tissues, we analyzed transcript assemblies using our software ASprofile and identified differences in exon-intron structures characteristic of the various classes.
We found over 150,000 candidate alternative splicing events (Supplemental Table S5 ). Among these, we found 26,989 exon skipping events at 25,017 distinct exons, involving 22,145 distinct introns. Almost all of these events (25,920) were found in comparisons between different tissues, although a significant fraction (16,382) were also found when comparing isoforms within the same tissue. There were 1,069 instances of alternative splicing events that were restricted to a single tissue, most of them in testes (416) and brain (172).
Mapping artifacts can create false exon skipping events, due to incorrect or duplicated splice junctions or incorrectly reconstructed exons. To assess the accuracy of the data set and identify potential artifacts for future curation, we first looked for co-located events that showed small variations (≤5 bp) at exon and intron boundaries, which could be caused by imprecise mapping of spliced reads. Such variations could lead to redundancy in reporting the events. For reference, we compared the extent of variation against the ENSEMBL gene annotations. There were 1,822 (6.75%) events in our data set that represented slight variations of other events compared to 427 (1.7%) in the ENSEMBL data, suggesting that up to 5% of events in our data set may be redundant (Supplemental Figure S6 and Supplemental Table S6 ). However, this figure is likely an overestimate, given that small 5′ and 3′ exon splicing variations are hard to detect with conventional (Sanger) data and are likely underrepresented in the reference gene annotations. We also evaluated the reproducibility of our results when using other transcript assembly methods (IsoCEM 27 , SLIDE 28 , and Scripture 29 ), in a second test. We found that 84% (2,471 out of 2,934) of exon skipping events found in the adrenal sample alone were independently discovered when using one of the other transcript assembly methods (Supplemental Table S7 ). When aggregating data across the sixteen tissues, 92% (24,936) of the introns spanning skipped exons have at least two reads supporting them in the sixteen tissues; although in general exon-skipping introns have fewer supporting reads than other introns (Supplemental Figure S8) . Similarly, in 21,469 (80%) of the exon skipping events, the exon was present in two or more tissues. Thus, while some assembly artifacts could still be present, most of the events discovered have strong supporting evidence.
How much alternative splicing is novel?
Simply counting the number of transcripts assembled from RNA-seq data is one way to measure the extent of alternative splicing. However, this can be confounded by transcripts that are assembled incompletely or incorrectly. Exon skipping events are discrete and easily counted, although it is worth noting that a given exon might be skipped in multiple distinct transcripts. To avoid the difficulties of counting all splice variants, we used the number of exon skipping events as a surrogate measure of splicing variation. . Importantly, these specific data sets and releases had been produced using almost exclusively traditional cDNA (EST, mRNA) resources, and therefore provide a fairly accurate assessment of the potential to discover novel alternative splicing variation in RNA-seq experiments. We found that over 60% (17,442) of the events were novel, even after allowing for slight differences in the annotation of exon boundaries present in the various databases (Supplemental Table S9 ). New exons, new introns, or both can lead to novel splicing events, but we discovered novel introns much more frequently than novel exons (2,914 exons and 15,958 introns). The majority of novel exons overlap known exons; i.e., one or both exon boundaries are novel, but not the entire exon. 884 exons did not overlap any previously annotated exon. A total of 996 (34.2%) of the novel exons and 3,801 (23.8%) of the novel introns were also supported by EST alignments, which provides independent cDNA evidence for those events.
One example of a novel event is shown in Figure 2 . CHTOP (Chromatin target of Prmt1, synonym FOP) is a small nuclear protein on chromosome 1 characterized by an arginine-and glycine-rich region. It has a role in ligand-dependent activation repression of an estrogen receptor target gene 30 , and has been shown to be a critical modulator of gamma-globin gene expression 31 . The 84 bp in-frame exon at chromosome 1 positions 153,611,844-153,611,927, which we observed only in heart tissue, does not overlap any of the annotated structures for this gene and has only weak EST evidence, in the terminal exon of EST DB270513. However, the entire exonic region is highly conserved in placental mammals, strongly suggesting that this region is part of the spliced gene. Further, DNaseI hypersensitive sites lend support to an alternative transcript starting at this exon in thyroid tissue. This alternative transcription start site was also identified by our method, and is also missing from the annotation.
Another novel event occurs in the gene ASB15 (ankyrin repeat and SOCS box containing 15) (Supplemental Figure S10 ). Human ASB15 is known to be expressed predominantly in skeletal muscle and to participate in the regulation of protein turnover and muscle cell development by stimulating protein synthesis and regulating differentiation of muscle cells. Bovine ASB15 mRNA was also found in heart and pituitary gland tissue, and rat ASB15 was additionally present in kidney and lung tissue, but the amount in most other tissues analyzed was scarce 32 . These results are consistent with the Illumina Human Body Map data set. Here, exon chr7:123,257,633-123,257,718 is a novel shorter variant that shares its 5′ end with the annotated exon. Both the exon-containing and the exon skipping form are expressed in heart, and have strong read support in the 16 tissues (136 and 39 reads supporting the flanking introns, and 30 reads spanning the exon). Evidence for the novel splice junction is also present in skeletal muscle tissue. We also found a novel putative intron retention event (chr7:123269489- th exon in one of the transcripts from heart tissue (heart.79763.3), and it appears exclusively in that tissue, although a partial form is present in a skeletal muscle transcript. The two introns flanking the event and the spanning intron are supported by 5, 59 and 702 reads, respectively, in the 16 tissues. 123270019, 531 bp) whose sequence is conserved across multiple vertebrate species. Overall, our analyses underscore the vast potential for RNA-seq experiments to unearth novel splicing events and isoforms.
Characterization of exon skipping events
We next sought to characterize the set of exon skipping events within and across the sixteen tissues, which also offers a glimpse into the dynamics of alternative splicing in these tissues. We separately traced the presence of the two forms ('on' and 'off') to generate an alternative splicing profile for each tissue. For each event, we determined the exon inclusion ratio from the expression levels of isoforms containing the 'on' and the 'off' forms in that tissue: R = FPKM on /(FPKM on +FPKM off ), and then compared the profiles to determine similarities and changes in splicing patterns among tissues. We used the relative inclusion ratio 2 to characterize such changes: ∆ = |Ri-Rj| between tissues i and j, and classified them based on the size of the difference. We separately trace exon skipping events that show large variation ('switches'; ∆≥0.5), essentially switching between a minor-form and a major-form, and those that show milder variation. Note that all of these evaluations, based as they are on a single sample from each tissue, provide only a qualitative assessment of variation. Multiple replicates would be required to make any conclusions about the statistical significance of these changes between tissues.
Of the 26,989 exon skipping events, between 10,000-20,000 are present in any given tissue. Most events (77-95%) have only one of the forms expressed in a given tissue, and only 5-23% have both forms present in the same tissue (Figure 3 and Supplemental Table S11 ). The exon-containing ('on') form is generally prevalent (R≥0.5). When comparing the profiles between two tissues (Figure 4) , 25-35% of the events show stable splicing patterns (∆<0.1), 5-10% are variable (0.1≤∆<0.5) and only 4-7% appear to switch. These proportions are quite similar among the tissues. Roughly 50-65% of the events are not comparable, with the event not found in either or both tissues. Further examination showed these to be due largely to the gene not being expressed (fragments per kilobase of transcript per million mapped (FPKM)<0.1) or harboring different splice forms, whereas we expect the number of incomparable events caused by computational artifacts to be very low. A significant portion of these genes were expressed at low-to-medium levels (FPKM≤10.0), which makes reconstruction difficult and may cause the event to be missed. (For an example, the comparison between the adrenal and adipose tissues is shown in Supplemental Figure S12 ). These observations suggest that both transcription and alternative splicing contribute significantly in shaping the transcriptomic differences among tissues, although more complete data sets and experiments are needed to be able to tease apart their specific contributions.
Characterization of novel events
We contrasted known and newly found events to determine characteristics that could have made the latter difficult to discover with conventional (Sanger) data and methods, and to derive insights into the types of experiments that can help fill in the gaps in the alternative splicing catalog.
First, we analyzed the variability in splicing patterns of events, distinguishing between 'switches' and events exhibiting milder variation. There was a slight but statistically significant difference between the distributions of novel and known events (chi-square 274.7; p=0.0; Supplemental Table S13), with switches representing 69% of the known events and only 59% of the novel set.
Second, we assessed the tissue specificity of known and newly found exons and introns based on the data available ( Figure 5 ). For this test, we binned both the known and the novel features according to the number of tissues in which they were found. Not surprisingly, novel exons and introns were significantly more likely to appear in a small number of tissues compared to their known counterparts, but the prevalence was remarkable for exons. For instance, while novel introns were more likely to belong to a single tissue by a 3.0:1 margin (48% versus 16%), that margin for exons was 5:1 (71% versus 14%). Considering that our search turned out many more novel introns than exons, this observation suggests that targeted studies will be needed in the future to identify these highly tissue-specific exons.
Discussion
Alternative splicing is a widely recognized RNA processing mechanism in eukaryotic species, playing a major role in the molecular biology of the cell, and within humans it has been implicated in multiple genetic disorders 33 . The Human Genome Project created an initial map of splice variation more than a decade ago 34, 35 . However, despite concerted efforts over the following years, this map is still inaccurate and incomplete. The Ensembl annotation 15 , which is among the most complete to date, currently contains seven variants on average per protein coding gene. This is likely an underestimate, as more variants are added every day. The challenge of cataloging all alternative splice variants is daunting, considering that every tissue and cell type can have a different transcriptome, further differentiated by the condition of the cell at the time it was surveyed.
Unlike traditional methods that have mined heterogeneous cDNA sequences collected over time, RNA-seq experiments can survey the transcriptome of a cell type or tissue at great depth, allowing characterization of alternative splicing in much finer detail than previously. The main drawback to RNA-seq today is that its shorter reads are more challenging to assemble into long isoforms. To avoid some of the uncertainty associated with transcriptome assembly, we focused here on alternative splicing events within a transcript, each of which can be detected with a single read.
We found over 150,000 candidate alternative splicing events, including roughly 27,000 exon skipping events, most of which (65%) were novel. New introns (15,958) were the main source of novel events in our data set, but we also found a large number of new exons (2, 914) . A large majority of the new exons appear to be tissue-specific, with 71% present in only one tissue, which may explain why they have not been detected previously. Tissue-specific exons represent a clear and important contribution of alternative splicing to tissue differentiation, hence it is noteworthy that 2,085 (38%) of the 5,520 events in our data set were newly identified in this study. Both novel exons and novel introns were more likely to be tissue-specific than those already in the public annotation sets. This suggests that targeted experiments in different tissues or cellular conditions will be more productive in identifying novel splice forms in the future. This requirement is particularly relevant for identifying new exons, which have already been surveyed quite intensively, whereas even broad range RNA-seq experiments remain a rich source of new introns.
Our analysis of the 27,000 events across the sixteen tissues has also revealed insights into the dynamics of the alternative splicing repertoire and its role in tissue differentiation. With roughly 10-20% of the events showing variation across the tissues and 50-65% incomparable based on the existing data, the picture of alternative splicing contributions to tissue transcriptome differentiation vis-à-vis transcription is shaping up to be significant, albeit incomplete. Indeed, even in a deep and rich data set such as the Illumina Human Body Map, rare splice forms may be poorly represented or can be missed entirely. Also, our analyses here are based on a single experiment per tissue from a single individual, and therefore we cannot rule out polymorphic variation, although we expect its contribution to be small relative to tissue related differences 2, 14 . Of course, experimentally testing the events 36 and replication on multiple biological samples, from different individuals, will be essential for full validation.
While there are ongoing efforts to incorporate alternative splicing information from RNA-seq data into gene annotation databases 37 , there is yet no repository specifically for human alternative splicing events. Our analyses have identified thousands of putative alternative splicing events, which we have compiled into a catalog of exon skipping events derived from RNA-seq data from multiple human tissues. This collection will be a valuable resource for investigating the mechanisms and evolution of alternative splicing, and as a complement to existing annotation databases. Although this catalog adds substantially to the list of known alternative splicing events, many more RNA-seq experiments will be needed to fully characterize alternative splicing over the full spectrum of tissue types and cellular conditions. Our methods, as implemented in the ASprofile software, are freely available to allow others to create similar databases for other organisms or experimental systems.
Materials and methods
Sequence data RNA-seq data for the Illumina Human Body Map Project were downloaded from http://www.ebi.ac.uk/arrayexpress/browse. html?keywords=E-MTAB-513&expandefo=on. For sequencing, samples for each of the 16 tissues (adrenal, adipose, brain, breast, colon, heart, kidney, liver, lung, lymph, ovary, prostate, skeletal muscle, testes, thyroid and white blood cells) were prepared by Illumina using their mRNA-Seq kit (Part #RS-100-0801). In brief, PolyA+ RNA was purified from 100 ng of total RNA with oligo-dT beads, and then fragmented with divalent cations under elevated temperature. First strand synthesis was performed with random hexamer and reverse transcriptase, and second strand synthesis with RNAseH and DNA PolI. Following cDNA synthesis, the double stranded products were end-repaired, a single "A" was added and then the Illumina PE adaptors were ligated on to the cDNA products. The ligation products were purified using gel electrophoresis. The target size range for these libraries was ~300 bp, such that the final library for sequencing would have cDNA inserts with sizes of ~200 bp long. One run of 2x50 bp paired-end sequencing was performed on the HiSeq2000 instrument, using one lane per tissue, to produce approximately 80 million read pairs per tissue (160 million sequences) (http://www. ebi.ac.uk/arrayexpress/experiments/E-MTAB-513/protocols/).
Reconstructing the tissues' transcriptomes
To determine splice variants within each tissue, we aligned reads to the hg19 genome using TopHat v1.3.3 (parameters '-a 6 -F 0.05 -splice_mismatches=1 -max-multihits=10'). To allow TopHat to detect as many splice junctions as possible, we provided an intron database extracted from the UCSC known Genes data set (http:// genome.ucsc.edu). Aligned reads were then assembled into transcript fragments using Cufflinks v0.9.3 (parameters '-F 0.05'). We used Cuffcompare to compare these transfrags to the Ensembl v.61 annotation, and then Cuffdiff to redistribute reads along a high-confidence set of transcripts obtained after eliminating likely artifacts and assemblies not associated with Ensembl genes. Cuffcompare classifies assembled transcripts into multiple categories in relation to reference transcripts, including equal, contained, new splice isoform, intron-located, pre-mRNA fragment, repeat, etc. We retained only transcripts that were deemed 'equal', 'contained', or 'new splice isoforms' as part of our high-confidence set for each tissue. FPKM expression level values for this set were then re-estimated from the original alignments using Cuffdiff.
Discovery of alternative splicing events
To determine alternative splicing events, we developed a software package, ASprofile, to analyze all pairs of transcripts in the sixteen tissues to determine exons included in one transcript and skipped in the other. We restricted the analysis to Ensembl genes with FPKM≥0.1, re-estimated by Cuffdiff as described above. We define an exon skipping event as a pair between an exon containing ('on') splice form and an exon skipping ('off') splice form, where the boundaries of the flanking introns are required to match precisely. To determine which events are novel, the exons and spanning introns were compared against several annotation data sets (CCDS, UCSC Genes, Ensembl v.61, H-ASDB and dbEST 10 ), allowing for a small difference (up to W=5 bp) at the endpoints. For comparison against ESTs, spliced alignments of all human dbEST sequences were produced with the program ESTmapper 38 .
Comparison of alternative splicing events across tissues
For each event, we calculated the exon inclusion ratio R = FPKM on / (FPKM on +FPKM off ) for each tissue, similarly to Wang et al. 2 , where FPKM on is the combined FPKM of all isoforms containing the 'on' form, and similarly for FPKM off . To account for minor differences in the annotation of splice junctions, when calculating the expression level of an event we included contributions from splice forms in which the boundaries of the exon and flanking and spanning introns differed slightly (W≤10) from those of the annotated event. The relative inclusion ratio between two tissues, Δ ij = | R i -R j |, was determined for each event and used to classify events based on the size of the differences: stable (Δ < 0.1), variable (0.1 ≤ Δ < 0.5), 'switch' (Δ ≥ 0.5), or incomparable, when the event was not found in one or both tissues. For the tissue-specificity analysis, the largest difference between any two tissues was used to determine 'switches' versus 'non-switches'.
Implementation
We implemented the methods in a software package, ASprofile, for discovering alternative splicing events in transcripts predicted from RNA-seq data and then comparing them across multiple conditions. ASprofile consists of programs for extracting ('extract-as'), quantifying ('extract-as-fpkm') and comparing ('collect-fpkm') alternative splicing events. 'Extract-as' takes as input a GTF transcript file, for instance one produced by a transcript assembly program or a set of gene annotations, and compares all pairs of transcripts within a gene to determine exon-intron structure differences that indicate an AS event. The following classes of events are currently implemented: exon skipping, cassette exons, alternative transcript start and termination, retention of single or multiple introns, and alternative exon ends (Supplemental Figure S14) . To determine alternative splicing events among multiple samples, a single input file must be created by concatenating the transcript files of individual samples, with the gene names a priori reconciled across the samples (for instance, by using the program Cuffcompare from the Cufflinks suite). The second program, 'extract-as-fpkm', calculates the FPKM of each event from those of transcripts harboring the event in a given sample, allowing for small variations (up to V bp, where V is a user-specified value) at the boundaries of the exons and introns. Lastly, the script 'collect-fpkm' collects the FPKM event values for all RNA-seq samples, and calculates and compares splicing ratios across samples, which can be used to observe trends in the dynamics of alternative splicing profiles or to select promising candidates for laboratory testing. The software package is written in C and Perl and is available free of charge from the Zenodo repository (http:// zenodo.org/record/7068; doi:10.5281/zenodo.7068) and from our web site at http://ccb.jhu.edu/software/ASprofile.
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S2. Evaluation of transcript assemblers in detecting exon skipping (ES) events
To assess the feasibility of constructing an accurate repertoire of ES events, we evaluated the ability of Cufflinks and three other reference programs (Scripture 29 , IsoCEM 27 and SLIDE 28 ) to capture ES events in a control data set. These four programs are representative for the classes of approaches currently employed by genome-guided transcript assembly methods. As a control data set, we simulated 200 million 75 bp paired-end reads using the program FluxSimulator (http://flux.sammeth.net) starting from the GENCODE v17 gene annotations. We applied each program to the mapped reads, as described in the Methods for Cufflinks ('-F 0.05') and using the defaults for all others, and detected ES events from the assembled transcripts with our ASprofile software. As gold reference, we used the set of events detected from the transcripts sampled by FluxSimulator, consisting of 1,327 exon skipping events.
As the comparison in Table S2 indicates, Cufflinks is the only tool that allows events to be detected with high precision, as needed to allow meaningful alternative splicing profile analyses. Notably, while Scripture is the most sensitive of the programs, its precision is low. As a caveat, these results reflect the performance of programs on simulated data, and may not be fully indicative of their behavior on real RNA-seq data. Table S4 for more details). Figure S6 below, small ≤5 bp differences in splice junctions account for the majority of ES variations, beyond which their value as a fraction of the total number of ES events becomes relatively stable. In contrast, the percentage of Ensembl v. 61 event variations continues to increase roughly linearly with the distance from the 'anchor' splice junction.
Comparing the two curves, we estimate that up to ~1,400 of ES events (5%) in our data set could be redundant (column 10 in the Table S6 ). We expect this value to be an overestimate, given that true small 5′ and 3′ exon alternative splicing variations are poorly represented in annotation databases. Table S6 .
S7. Reproducibility of exon skipping event discovery with other assembly methods To assess the reproducibility of our event discovery method, we compared the exon skipping events discovered from transcripts assembled with Cufflinks and with three other reference transcript assembly algorithms (Scripture 29 , IsoCEM 27 and SLIDE
28
). We applied each program to the adrenal sample of the Human Body Map data and used our program ASprofile to extract exon skipping events from the assembled transcripts.
As the results in Table S6 indicate, when compared to Cufflinks, IsoCEM and SLIDE find roughly half the number of events, whereas Scripture finds roughly 60% more events. (Allowing for small differences, up to V bp, in the coordinates of introns and exons to account for imprecise mapping of splice junctions, has negligible effects on the comparison results). There is generally good agreement among the methods, as most of the events predicted with one method can also be retrieved by at least one of the other methods. In particular, 84% (2,471 out of 2,934) of the events predicted when using Cufflinks can be confirmed by other methods. Additionally, our analysis reveals a number of potentially new events, most of them discovered by Scripture, which could be used to enrich our repository in the future. However, each program has its own characteristics and biases, and a careful analysis has to be performed before incorporating these events into the database. In this article, the authors address the question of how much alternative splicing can be identified in 16 different human tissues, and how much of the alternative splicing is specific for one or another tissue. To do so, they analyzed 50-bp paired-end sequences from 16 different tissue samples sequenced relatively
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We thank Peter Robinson for his insightful comments and suggestions, which we address in the following:
Transcriptome assembly represents a complex topic on its own, and is only a tangent to our work, therefore we believe that it would be best addressed in detail elsewhere. We wish to point the reviewer and the readers to a review on current transcript assembly methods that we wrote recently, to appear in IEEE/ACM Transactions in Bioinformatics and Computational Biology journal. We also included a brief evaluation of several transcript assemblers on a simulated data set (new Table S2 ), showing that Cufflinks is the only program among those tested that can identify alternative splicing events with high enough accuracy (~90%) to allow meaningful downstream analyses, though we will explore combinations of these programs in the future. Minor correction to the statistic quoted by the reviewer: 84% of the Cufflinks-predicted exon skipping events are reproducible by other methods.
There is indeed a rich body of work in the area of alternative splicing. Notably, two early studies (references 1 and 2) highlighted the extent of alternative splicing in the human genome based on analyses of RNA-seq data, albeit those data sets were not nearly large enough to be able to characterize it in detail, and a more recent study (Merkin ., 2012) et al extended those analyses in the context of multiple species. Similarly, there are now several methods (e.g., MISO, SpliceTrap and MATS) that infer or quantify exon skipping events directly from RNA-seq reads, and therefore are complementary to our approach. Using a very large data set, our work provides a more detailed picture of alternative splicing variation and produces both an easy-to-use tool and a database that we believe will be valuable in studies of alternative splicing mechanism and function.
We added percentage of mapped reads and number of properly paired reads to Table S1 , as indicators of read alignment quality.
We think that analyzing other types of events is indeed a very interesting experiment, which due to scale we plan to address in our future work.
The definitions were already in the main text (page 7, section "Characterization of exon skipping events"), but we have clarified i and j.
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The article 'Thousands of exon skipping events differentiate among splicing patterns in sixteen human tissues' presents a systematic analysis of alternative splicing of the Illumina Body Map RNA-seq set, probably the most complete set of RNA-seq data to date. This data set consists of 160M reads each for 16 tissues, each from a different individual.
